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BRIGHTNESS ENHANCEMENT OF DIODE LIGHT SOURCES 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0001] The present invention relates to semiconductor diode lasers and more 
particularly to brightness enhancement of semiconductor laser diodes utilizing 
stimulated Raman scattering. 

2. Description of the Prior Art 

[0002] Semiconductor laser diodes are known in the art. Such semiconductor laser 
diodes are used in various applications including optical pumping of solid state lasers. 
Examples of such semiconductor diode lasers used in such applications are disclosed 
in commonly owned U.S. Patent Nos. 5,555,254; 5,646,773; 6,094,297; and 6,178,040. 
Such semiconductor laser diodes are used to optically excite the Nd:YAG slabs to a 
relatively high energy meta-stable state. 

[0003] Techniques are known for increasing the output power and brightness or 
intensity of such semiconductor laser diodes. For example, U.S. Patent No. 5,764,675 
discloses a semiconductor diode laser array that optimizes the laser output power by 
optimizing the heat removal from the diode laser array. In particular, the '675 patent 
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discloses a diode laser array which includes a diode laser bar that is thermally 
connected to a heat exchanger. With such configuration, waste heat removal is 
optimized, thereby allowing the brightness of the semiconductor diodes to be increased. 
[0004] In order to further increase the brightness of such semiconductor laser 
diodes, the coupling efficiency of the output light beam from the semiconductor diode 
has been improved. For example, U.S. Patent No. 5,299,222 discloses a system for 
optically coupling the output light beam from a semiconductor laser array to a plurality of 
optical fibers; each optical fiber being coupled to an individual semiconductor diode 
laser within the array. A plurality of mirrors and lenses is used to optically couple the 
output light beams from each of the semiconductor diodes forming the array into a 
respective optical fiber. 

[0005] The brightness or intensity level of such semiconductor diode lasers has been 
further increased by combining the individual output light beams from a semiconductor 
laser diode array into a single compound beam having a higher brightness than the 
brightness of an output light beam of any of the individual semiconductor diode lasers. 
In particular, U.S. Patent Nos. 5,668,903; 5,793,783; and 6,005,717 disclose various 
techniques for combining the output light beams of a plurality of semiconductor diode 
lasers into a compound light beam having a relatively high brightness. In particular, the 
'903 patent discloses a semiconductor diode array which includes a plurality of lenses 
for focusing the output of each semiconductor diode laser into an optical fiber with a 
circular cross section. The plurality of optical fibers, in turn, is coupled to an optical 
combiner, formed from a optical waveguide having a cross section sufficient to 
encompass the individual cross sections of all of the optical fibers optically coupled 
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thereto. The output of the optional fiber is a single output light beam having a 
brightness much greater than any of the individual output light beams of the 
semiconductor laser diode. The '903 patent also discloses specially formed optical 
waveguides to further improve the coupling efficiency of the output of the optical 
combiner to a downstream device. 

[0006] U.S. Patent No. 5,793,783 discloses yet another method to provide enhanced 
brightness of a semiconductor laser diode. In particular, the 783 patent discloses a 
system which includes a semiconductor laser diode array in an optical system for 
focusing the individual output light beams from each of the semiconductor laser diodes 
in the semiconductor diode laser array into a single light spot. The optical subsystem 
includes a cylindrical lens configured with a length equal to the length of the 
semiconductor laser diode array. The cylindrical lens is used to reduce the transverse 
divergence and thus collimate the light from the individual semiconductor laser diodes in 
a particular direction. A lens array is provided downstream of the cylindrical array lens. 
The lens array includes a single lenslet for each semiconductor diode in the array. The 
lens array further reduces the divergence of the light beam. A focusing lens 19 is used 
to converge the output light beams from each of the individual lenslets in the lens array 
to a single light spot having a relatively increased brightness. 
[0007] U.S. Patent No. 6,005,717 also discloses a technique for increasing the 
brightness of an output beam of a semiconductor diode by combining the output beams 
of a array of semiconductor diodes providing a combined beam with increased 
brightness and power density. The 717 patent is similar to the 783 patent and utilizes 
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a cylindrical lens and a lens array for focusing the output light beams from the array of 
semiconductor diodes to a single light spot by way of a focusing lens. 
[0008] Although the systems discussed above provide a semiconductor diode array 
having increased brightness, these systems require fairly accurate optical alignment in 
order to produce an output beam having increased brightness. In addition, such prior 
art systems require a number of lenses which increase the cost of the system. Thus 
there is a need for a method for increasing the brightness of a semiconductor diode 
which is less expensive and does not require relatively precise alignment. 

SUMMARY OF THE INVENTION 
[0009] The present invention relates to a system for combining the output light 
beams of a plurality of semiconductor laser diodes, for example, to form a combined 
light beam with increased brightness. The output light beams from the semiconductor 
laser diodes are coupled to a plurality of optical fibers forming a fiber coupled diode 
array. The optical fibers forming the fiber coupled diode array are coupled to a dual 
clad optical fiber with a central core, an inner cladding and an outer cladding. The 
output light beams from the optical fibers from the fiber coupled diode array are coupled 
to the inner cladding of a dual clad optical fiber as pump light. A Stokes seed source is 
applied to the central core and is amplified by the pump light by stimulated Raman 
scattering. The configuration in accordance with the present invention provides a output 
Stokes light beam from the central core with a relatively higher brightness level than 
known techniques which merely combine the output light beams from a plurality of 
semiconductor diodes and eliminates the need for a relatively precise alignment and the 
cost associated with the lenses required by known systems. 
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DESCRIPTION OF THE DRAWINGS 
[0010] These and other advantages of the present invention will be readily 
understood with reference to the following specification and attached drawing wherein: 
[001 1] FIG. 1 is a block diagram of a system in accordance with the present 
invention for providing enhanced brightness of a semiconductor diode laser. 

DETAILED DESCRIPTION 
[0012] The present invention relates to a technique for providing enhanced 
brightness of one or more semiconductor diode lasers. Unlike known systems, the 
system in accordance with the present invention eliminates the need for precise 
alignment and multiple lenses while at the same time provides enhanced brightness of a 
semiconductor diode output beam. As will be discussed in more detail below, the 
system in accordance with the present invention combines the output light beams from 
a plurality of semiconductor diodes forming a diode array into a combined light beam in 
a dual clad optical fiber with a central core. A Stokes seed source is confined to the 
inner core of the optical fiber while the output light beams from a fiber coupled diode 
array are confined to an inner cladding. The fiber-coupled light beams act as a pump 
source to amplify the Stokes seed beam in the central core by way of stimulated Raman 
scattering to provide an output Stokes beam that is shifted in frequency and has an 
brightness which exceeds the brightness of the combined light beams of the 
semiconductor lasers forming the array. 

[0013] Referring to FIG. 1 , the system in accordance with the present invention, 
generally identified with the reference numeral 20, includes a fiber coupled diode array 
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22, and Raman amplifier 24 and a Stokes seed source 26. The output of the Raman 
amplifier 24 may be used; directly for certain applications; coupled to another Raman 
amplifier to increase brightness further; or utilized to pump a high power dual clad fiber 
laser or amplifier. 

[0014] Fiber coupled diode arrays are well known in the art. Examples of such fiber 
coupled diode arrays are disclosed in U.S. Patent No. 5,675,685; 5,764,675 and 
6,377,410 as well as commonly owned U.S. Patent No. 6,229,939. Examples of such 
fiber coupled diode arrays are also disclosed in: "Coupling of High Power Diode Lasers 
and Fibers" by Una Lee proceedings SPIE, Vol. 4225, Pages 201 and 203, October 
2000 and fiber coupling of diode arrays for high brightness; planning considerations by 
Skutnik, et al., proceedings SPIE, Vol. 4629, pp. 86-93, June 2002. The particular type 
of fiber coupled diode array is unimportant. An example of a fiber coupled diode array 
suitable for the present invention is a model number LDF-400 as manufactured by 
Laserline GmbH (www.laserline.de). 

[0015] As shown in FIG. 1 , the fiber coupled diode array 22 is coupled to a fiber 
bundle 28. The fiber bundle 28 includes a plurality of peripheral fibers 30, 32, 34, 36, 38 
and 40 and a core fiber 42. Each of the optical fibers 44, 46, 48 and 50 from the various 
semiconductor diodes 52, 54, 56, 58 and 60 are coupled the peripheral optical fibers 30- 
40. The Stokes seed source 26 is coupled to the core 42 of the fiber bundle 28. The 
fiber bundle 28 is optically coupled to the Raman amplifier 24 formed from a dual clad 
fused silica fiber 62. As shown in FIG. 1 the dual clad fused silica fiber includes a core 
64; an inner cladding 66; and an outer cladding 68. The core 66 of the dual clad fused 
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. silica fiber 62 is optically coupled to the core 42 of the fiber bundle. As such, the Stokes 
seed source 26 is confined to the inner core 64 of the dual clad fused silica fiber 62. 
[0016] The Stokes seed source may be a laser, preferably a semiconductor laser, 
with wavelength and spectral bandwidth properties appropriate for efficient amplification 
and power conversion from pump light into Stokes radiation by stimulated Raman 
scattering in the central core of a dual-clad Raman fiber. In particular, the Stokes seed 
optical frequency may be selected to be less than that of the pump light frequency by an 
amount equal to the Raman frequency shift. This Raman shift is approximately 13 THz 
in typical fused silica fibers, and it can vary in other materials with different constituents, 
such as tellurite glasses that have Raman shift of approximately 22 THz. The Stokes 
seed spectral bandwidth is preferably narrower than that of the pump light spectrum for 
maximum Raman amplification and pump-to-Stokes power conversion efficiency. The 
narrower Stokes spectral bandwidth is also useful in applications which higher spectral 
power density is advantageous, such as optical pumping of laser media with relatively 
precise wavelength requirements. 

[0017] The Stokes seed radiation from above laser source is first coupled into an 
optical fiber using means similar to those used to collect diode light into the pump light 
fibers. The Stokes seed fiber is then coupled to the central core of the Raman fiber as 
an input to be amplified by the fiber-coupled pump light in the inner cladding of the 
Raman fiber. 

[0018] The inner cladding 66 of the dual clad fused silica fiber 62 is formed with a 
sufficient area so as to mate with the optical fibers 30-40 of the fiber bundle 28. In other 
words, the cross-sectional area of the inner cladding 66 must be equal to or larger than 
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the cross-sectional area of the plurality of optical fibers 30-40 in the fiber bundle 28. For 
example, for a fiber bundle 28 having six (6) peripheral fibers 30-40 configured as 
shown in FIG. 1 , the inner cladding 66 is formed a hexagonal shape to perform optimum 
optical coupling efficiency. The inner cladding 66 is surrounded by an outer cladding 
68. Different cladding geometries are possible. 

[0019] The dual clad fiber may be made from glass materials, such as fused silica 
and tellurite glasses with various dopants, for example, as disclosed in "Tellurite 
Glasses With Peak Absolute Raman Gain Coefficients Up to 30 Times That of Fused 
Silica", by R. Stegeman, et al., Optics Letters, vol. 28, no. 13, July 1, 2003. The fiber 
structure consists of a small central core that is sufficiently small to support low-order 
mode propagation at the Stokes wavelength. The core material is preferably a glass 
that has large Raman gain coefficient relative to pure fused silica, such as tellurite 
glasses mentioned in the above reference with 20 to 30 times larger gain coefficient 
values. The core diameter is typically on the order of 10 to 20 micrometers, and it is 
surrounded by an inner cladding material whose index of refraction at the Stokes 
wavelength is slightly less than that of the core material. The index difference is chosen 
to limit the numerical aperture (NA) of the core to values less than or equal to about 
0.15. 

[0020] The inner cladding uses glasses with much smaller Raman gain coefficient so 
as to prevent unwanted stimulated Raman scattering in the inner cladding. The inner 
cladding typically has a non-circular shape, such as a hexagonal or rectangular cross 
section, with a diagonal dimension on the order of several hundred micrometers, and it 
is surrounded by an outer cladding whose index of refraction at the diode wavelength is 
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sufficiently less than that of the inner cladding to confine multi-mode propagation with 
NA values greater than about 0.4. The non-circular shape assures the light in the inner 
cladding to traverse the core region upon repeated reflections with the inner cladding, 
thereby providing means for the diode light to amplify the Stokes radiation in the core by 
stimulated Raman scattering while converting the diode light power into the Stokes 
beam. The transfer of diode light power in the larger inner cladding into Stokes beam 
power in the much smaller core is the key process that leads to an output beam having 
a correspondingly smaller beam and lower divergence. The brightness is proportional 
to power and inversely proportional to the product of beam size and divergence, and the 
brightness enhancement factor in the Raman amplifier arises from the large ratio of the 
inner cladding to core size and the ratio of the respective NA values. For example, 400 
micron inner cladding (NA=0.4) with 10 micron core (NA=0.1) can theoretically achieve 
an enhancement factor of up to about 40x4=160 times in brightness with efficient pump 
to Stokes power conversion. 

[0021 ] The fiber bundle consists of multi-mode fibers whose combined diameter and 
NA values are less than those of the inner cladding of the Raman amplifier fiber to 
ensure all diode light is confined within the inner cladding for efficient coupling. The 
central fiber in the fiber bundle is a single-mode fiber that delivers Stokes seed beam, 
and the central fiber is fusion spliced to the central core of the Raman amplifier fiber. 
[0022] As mentioned above, by confining the Stokes seed source 26 to the inner 
core 64 of the dual clad fused silica fiber 20, stimulated Ramans scattering along the 
fiber converts the diode laser light in the inner cladding 66 to Stokes radiation having a 
shifted wavelength. The combined diode light acts as a pump source to amplify the 
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Stokes seed in the central core. Thus, the amplified Stokes beam acquires power from 
the pump light and confines it in a smaller central core, which has a relatively higher 
brightness level than known systems which merely combine the output light beams of a 
plurality of semiconductor diodes. 

[0023] Obviously, many modifications and variations of the present invention are 
possible in light of the above teachings. Thus, it is to be understood that, within the 
scope of the appended claims, the invention may be practiced otherwise than as 
specifically described above. 

[0024] What is claimed and desired to be covered by a Letters Patent is as follows: 
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